INTRODUCTION
Nanostructures, with the high surface-volume ratio, appealing carrier transportation behavior and tunable energy levels, are witnessed tremendous investigation and various applications in the past decades. In the past decade, researchers have applied inorganic oxide nanostructures to solve various issues in energy domain. Tremendous success of various nanostructures has been witnessed in photovoltaic [1] [2] [3] , light-emitting diodes [4] , water splitting [5, 6] , supercapacitor [7, 8] , battery [9] and electricity generation.
ZnO and Co3O4 are two of the most studied materials for nanostructures fabrication. Due to the easy fabrication recipe, ZnO nanostructures, as a large band gap n-type materials, has achieved tremendous success in extensive fields. In the photovoltaics, ZnO nanowires (NWs) not only serve as hole blocking layer in organic solar cells [10] and quantum dot solar cells [11] , but also work as high surface area cathode electrode in dye-sensitized solar cells [1] . On the other hand, as a p-type material, Co 3 O 4 has extremely low band gap, around 1.6eV [12] . Co 3 O 4 nanostructures found promising applications in various areas, ranging from lithium ion battery [13] to supercapacitors [14] .
Combining the two inorganic oxide material together, a excellent heterojunction can form at the interface due to the same wurtzite crystal structure. The formed heterojunction, taking advantages of the nanostructures, is promising in the energy domains, including diode [15] , sensing [16] and water splitting [17] . Some efforts have been devoted to investigate this nanostructure system [15] [16] [17] [18] . However, how to prepare the heterogeneous nanostructure and fabricate it into devies in a cost-effective way without high temperature, high vacuum,and template, is still a huge challenge. Furthermore, the characterization of the electric property of the heterojunction in vivo desires facile and effective techniques.
Herein, we .investigate the hydrothermal preparation of the ZnO/Co 3 O 4 heterogeneous structure thoroughly and attempt to apply conductive Atomic Force Microscope (cAFM) to characterize electric property the prepared nanostructures. 
II. EXPERIMENT AND CHARACTERIZATION APPROACHES
A. ZnO For a comparison, the ZnO TF/Co 3 O 4 NPs nanostructure was prepared on silicon wafer as well.
B. Co 3 O 4 nanoplates growth
The recipe of the Co 3 O 4 NPs preparation is same to that in Ref. [15] with minor modification. To be brief, CoCl 2 (5 mM) and hexamethylenetetramine (HMTA) (5mM) solved in DI water/ethanol mixture (9:1 (v/v)) solution is heated at 90 °C under stirring. The reaction time is set to be 30 minutes.
C. ZnO NWs/Co 3 O 4 NPs preparation
We grow ZnO NWs on ITO glasses by the simple hydrothermal approach [1] . To be specific, the ZnO sol-gel (10 mM) was spin-coated onto the slides and annealed so as to serve as the ZnO seed layer. Then, the NWs were grown on ITO by hydrothermal reaction in 120 ml Zn(NO 3 ) 2 solution with 20 mM Zn 2+ , 10mM HMTA, 360 µL polyethylenimine (PEI) (1:3 (v/v), PEI: water) and 5 ml ammonia. In the water bath, the reaction is conducted at 88 °C for 2 hours. We prepared the Co 3 O 4 NPs on ZnO NWs with two approaches, i.e. the growth approach and the assembly approach.
For the growth method, the ZnO NWs arrays were rinsed and dried. Then ZnO NWs coated ITO slides were put into vials filled with 5 mM Co(NO 3 ) 2 or CoCl 2 solution with upside down. The reaction temperature is set to be 90 °C. In order to investigate the growth process, we changed the reaction for different sample. The synthesized ZnO/Co(OH) 2 nanostructures were then rinsed and baked to acquire ZnO NWs/Co 3 O 4 NPs heterogeneous nanostructures.
For the assembly method, the structure is prepared by put the synthesized ZnO NWs arrays and Co 3 O 4 NPs together. To be detailed, the ZnO NWs were grown on substrate, as presented above. We disperse the obtained Co(OH) 2 NPs in pure ethanol. Then, the Co(OH) 2 NPs suspension solution was dropped into water using pipette. A single layer of Co(OH) 2 NPs will be formed just on the water surface as more and more solution was dropped in. By scooping the Co(OH) 2 layer with the ZnO NWs coated slides, ZnO NWs and Co(OH) 2 NPs will be assembled together loosely. So as to get better assembly between the two materials and transform Co 3 O 4 into Co(OH) 2 , calcination at high temperature (550 °C) was conducted for at least 2 hours.
D. Characterization methods
To verify the crystalline of the synthesized nanostructures, we characterized the structures with SEM. AFM, with exceptional high resolution, is also adopted to measure the size and thickness of the Co(OH) 2 NPs. To reveal the electric property of the prepared heterogeneous nanostructures, we employed a facile cAFM technique. Due to the high spatial resolution of AFM (Dimension 3100, VEECO, US), we can locate one certain Co 3 O 4 NPs and acquire I-V curve using sourcemter (Keitheley 2601). In the cAFM, we used normal tapping mode AFM probe, coated with gold layer through sputtering, as one electrode. And the other electrode is the ITO layer. UV light laser ((lamplic UVEC-4ii, Shenzhen, China)) is employed to check the light sensing property of the nanostructures. The nominal wavelength of the UV light is 360 nm.
III. RESULTS AND DISCUSSION

A. Synthesized ZnO/Co3O4 nanostructures
As shown in Figure 4 , uniform ZnO layer is acquired on ITO slides. And, using AFM, the thickness of ZnO layer is measured to be around 50 nm. Free Co(OH) 2 NPs, as shown in Figure 5 , shows hexagonal structure. And the size of the NPs is relatively uniform and increases with the reaction time. As an example, when the reaction time is set to be 30 minutes, the thickness of the plates is about 50 nm, as indicated in Figure 5 . Figure 6 displays the SEM images for the ZnO TFs/Co 3 O 4 NPs synthesized using hydrothermal growth method. Large Co3O4 NPs grow on ZnO layer with random direction. The size of the plates can go larger than 10 μm. To be noted, besides the large NPs, small plates with size less than 1 μm grow on ZnO TF as well, as shown in Figure 6 (b). The relatively small NPs is so dense that they connect with each other and form a network.
Both the two approaches for preparing ZnO NWs/Co 3 O 4 NPs heterojunction structures were performed and the results are presented as follows. Firstly, we gained the uniform ZnO NWs on the substrate, as indicated from Figure 7 (a) and (c) . After the grown of Co(OH) 2 on ZnO NWs, the color of the sample changes little. But the slides turns to be a little dark after annealing at high temperature, which indicates the decomposition of Co(OH) 2 into Co 3 O 4 . The growth of Co(OH) 2 nanostructure is strictly limited on ZnO NWs, as shown in Figure 7 (d) . It is safe to conclude that Co(OH) 2 NPs grow from the defects on the ZnO NWs. Since Co(OH) 2 and ZnO share the same crystalline structure, i.e. the wurtzite structure, the direction of the ZnO crystal will determine the growth direction of Co(OH) 2 crystal. In fact, as demonstrated in Ref. [15] , the crystal orientations of the two materials will have an angle of 10°, rather than the same. Therefore, because the extend direction of ZnO NWs on substrate is not exactly normal to the substrate, but tilted in a random angle, and the defects are positioned on the ZnO NWs by chance; the orientation of the Co(OH) 2 NPs is randomly distributed. In order to avoid the influence of the substrate surface roughness, we conducted the nanostructures synthesis on silicon wafer slides as well. And orientation of the NPs is also randomly distributed. It needs to be pointed out that the large NPs cannot cover all the ZnO NWs, and relatively small NPs are distributed between the large ones, as shown in Figure 7 (f)-(h).
For the purpose of acquiring uniform Co 3 O 4 NPs layer covering the whole surface of ZnO NWs arrays, we attempt the facile assembly method. As we expected, a uniform layer of Co 3 O 4 NPs is assembled onto the ZnO NWs. The size of the NPs distributed narrowly around 2 μm. 
B. Electronic property of the nanostructures
Using the cAFM, we acquired the I-V curves for varied structure as prepared. And from those I-V curves, the electric property of the heterojunction structures are revealed. Furthermore, the potential of the heterogeneous structure in light sensing and photovoltaics is demonstrated.
As shown in Figure 9 is the I-V curves for as prepared ZnO NWs under dark and UV light illumination. And the I-V curves of ZnO TFs/Co3O4 NPs prepared by assembly approaches are shown in Figure 10 . Significant photovoltaic effect is observed under UV light. And, the obtained V oc is exceptionally high. 
IV. CONCLUSION
In this paper, we investigated the synthesis of ZnO/Co 3 O 4 heterogeneous nanostructures using facile solution process. In sum, three kinds of ZnO/Co 3 O 4 heterogenous nanostructures were prepared through different approaches. ZnO TFs/Co 3 O 4 NPs structure is synthesized by growing Co(OH) 2 The electronic property of ZnO NWs/Co 3 O 4 NPs revealed by the cAFM indicates significant photovoltaic effect. Under UV illumination, the estimated V oc can go higher than 6 V. Therefore, the ZnO/Co 3 O 4 heterogeneous nanostructures are promising in solar cell; and the exceptional high Voc is still to be explained clearly.
